Abstract
Resorption generally occurred for six elements (N, P, K, Cu, Mg and Mn, with average resorption efficiency 47.8%, 52.0%, 38.6%, 41.0%, 12.7% and 7.89%, respectively) during leaf senescence, while the other four nutrients tended to accumulate in senesced leaves, showing averagely negative resorption efficiencies [Ca (-3.87%), Al (−57.1%), Zn (−62.6%), Fe (−89.6%)]. Aridity showed strikingly different effects on the resorption process of the 10 nutrients. Of the four elements with totally (N/P/K) or mostly (Cu) positive observations of resorption efficiency, their resorption generally decreased with aridity, suggesting that drought stress had negative effects on the resorption efficiencies of these elements. In contrast, with at least one-third observations of resorption efficiency being negative, the other elements (Mg/Mn/Ca/Zn/Al/Fe) showed generally increasing resorptive tendency with aridity, except for Zn. This research provided a systematic analysis on the large variation and contrasting responses of the resorption of multi-elements to aridity in typical desert shrubs. Our findings foster the understanding of nutrient resorption patterns of desert plants and enable us to better predict the contrastive effects of drought stress on the cycling of diverse nutrients and the consequent stoichiometric decoupling in plants of desert ecosystems.
INTRODUCTION
Climate affects the biogeochemical cycling in terrestrial ecosystems (Chapin et al. 2002) . Alterations in the cycling of nutrient elements and feedbacks from these cycles to climate (especially extreme climates, e.g. drought) can affect ecosystem functions (Penuelas et al. 2013) . Leaf litter, important in the terrestrial nutrient cycle, usually dominates the annual cycle of above-ground ecosystem (Freschet et al. 2013) . Thus, the chemical composition of senesced leaves acts as the critical factor that controls the nutrient recycle. Climate regulates the chemical composition of plant senesced leaves not only through its direct influence on nutrient uptake during the growth but also via the resorption process during senescence (Tharayil et al. 2011) . Therefore, exploring relations between climates and leaf nutrient resorption would enable us to better predict how terrestrial biogeochemical cycles will respond to climate change.
As a crucial mechanism of nutrient conservation, nutrient resorption helps maintain elemental balance in plant tissues. Perennial plants withdraw nutrients from senesced leaves and shuttle them to seeds, roots and other live parts of plants, increasing the residence time of nutrients within plants and reducing the cost of absorbing nutrients from soil. The resorbed nutrients can be re-utilized to build new tissues, enhancing the fitness of plants and making them less dependent on external nutrient availability (Aerts 1996; Han et al. 2013) .
Nitrogen (N) and phosphorus (P) play critical roles in plant functioning and are considered to be the most frequently limiting nutrients in terrestrial ecosystems (Aerts and Chapin 2000; Elser et al. 2007; Han et al. 2005) . Accordingly, current studies on nutrient resorption mainly focused on N and P Kobe et al. 2005; Wright and Westoby 2003; Yuan and Chen 2009 ). However, other nutrients (e.g. Ca, K and Mg) also play important roles in ecosystem processes (Vitousek and Howarth 1991) , and it is necessary to maintain their sufficient concentrations and relatively stable nutrient ratios in plant tissues for plants' healthy growth (Ågren 2008; Hansch and Mendel 2009; White and Brown 2010) . All nutrient elements have specific biochemical and physiological functions. For example, K along with N and P controls the function of stomata and serves as an enzyme activator (Marshcner 2012). Ca, Mn and Mg are associated with cell wall, membrane establishment and photosynthetic activity, and Fe, Zn and Cu are critical for enzyme activities and energy production (Ågren and Weih 2012; Sterner and Elser 2002) . Moreover, both nutrient toxicity and nutrient deficiency constrain plant growth. Toxicities of Mn and Al often occur in acid soils and limit plants production and roots elongation (White and Brown 2010) , whereas alkaline soils are characterized by poor availabilities of P, Fe, Cu and Zn (Lynch and St. Clair 2004) . To better understand the nutrient cycling in plants and ecosystems, it is imperative to explore the patterns of nutrient resorption of multi-elements. A recent study (Vergutz et al. 2012) provided global estimates of resorption efficiencies for mineral nutrients other than N and P and revealed that K, Ca and Mg could also be resorbed during leaf senescing. However, other studies regarding resorption of multi-nutrients in leaves found contrasting patterns (Du et al. 2016; Liu et al. 2014; Wang et al. 2014a) . For example, Ca was reported to accumulate in senesced leaves without resorption processes. Therefore, the resorption patterns of multi-elements in plants remain contentious and merit further research.
Drought is one major abiotic stress that constrains terrestrial plant growth (Eziz et al. 2017; Marschner 2012) , especially in desert ecosystems. Although some studies have examined nutrient resorption in relation to plant functional types (Aerts 1996; Vergutz et al. 2012) , plant age (Mediavilla et al. 2014; Wang et al. 2014a) , soil nutrient status (Kobe et al. 2005; Rejmankova 2005; Wang et al. 2014b; Yuan et al. 2005) and climatic parameters (e.g. temperature, precipitation) (Han et al. 2011; Reed et al. 2012; Tang et al. 2013; Vergutz et al. 2012; Yuan and Chen 2009) , the effects of drought stress on plant multi-nutrient resorption remain poorly addressed. Drought stress affects multiple plant physiological processes including stomatal activity (Osakabe et al. 2014) , hydraulic conductivity (Zhou et al. 2013) , photosynthetic capacity and abscisic acid (ABA) concentration (Harb et al. 2010) . One of the most well-known responses to drought stress is stomatal closure plausibly via ABA signaling (Wilkinson and Davies 2002) . Higher ABA concentration and low hydraulic conductivity of the xylem impair ionic transportation, hindering plant's physiological activities (Ladjal et al. 2005) . Some studies found enhancements of nutrient resorption due to the delay in leaf senescence after drought (Lajtha 1987; Rivero et al. 2007) . In contrast, some other studies reported reductions in nutrient resorption efficiency (NuRE) due to accelerated leaf senescence in plants under drought (Estiarte and Penuelas 2015; Khasanova et al. 2013; Suseela et al. 2015) .
Xinjiang Uygur Autonomous Region, where moisture is supplied mainly by westerly winds from Atlantic Ocean, receives quite less precipitation in plant growing season as compared with other parts of China, facing severe drought conditions (Mahmood et al. 2010) . Drought, as the major factor constraining nutrient uptake in desert environments, may change the biogeochemical cycles and thus the resorption process of these mineral elements. Furthermore, drought usually accelerates leaf senescence in plants (Estiarte and Penuelas 2015; Khasanova et al. 2013; Suseela et al. 2015) , which may influence the process of nutrient resorption. Here, we examine the effects of drought stress on nutrient resorption of multi-elements in desert shrubs in Xinjiang. Specifically, this study aims to address the following two questions: (i) how the resorption efficiencies of 10 elements (i.e. N, P, K, Ca, Mg, Cu, Mn, Al, Fe and Zn) vary in leaves of desert shrubs? (ii) how these nutrient efficiencies are influenced by aridity in desert shrubs? Accordingly, we will test such two hypotheses as (i) the elements with high mobility in plants, such as N, P and K, would show higher nutrient resorption efficiencies, than those with low mobility, such as Ca, (ii) drought would lower the resorption efficiencies of those elements with high mobility in plants.
MATERIAL AND METHODS

Site description
The samples from 9 shrub species were collected at 10 sites, along a transect from the westmost site Jinghe County to the eastmost site Muleihasake at the foot of north Tianshan Mountains, China ( Fig. 1 ; online supplementary Table S1 ). Six of the 10 sites were located in the southern part of Gurbantunggut Desert, the second largest desert in China.
The study transect has an arid climate, with an elevation from 370 to 860 m. The annual mean precipitation and air temperature range from 70 to 150 mm and from 5 to 7°C, respectively. Haloxylon ammodendron was the most widespread species that dominated or co-dominated 8 of the 10 sampling sites. The other eight species dominated or co-dominated at least one site. More details of the species identity and occurrence were shown in online supplementary Table S3 .
Sampling and measurement
We collected fully expanded sun green leaves in the summer (July 2017) and freshly senesced leaves of the corresponding shrubs (we numbered shrubs with tags in summer) in the fall (October 2017). At each site, we selected the dominant species. Green and senesced leaves (or assimilation shoots) of 100-g fresh-weight or more were sampled from 3 to 5 individuals per shrub species at each site, according to the protocol for plant functional traits (Pérez-Harguindeguy et al. 2013 ). Samples were dried in an oven at 70°C for 48-72 h until the sample weight was stable, and leaves were then ground with a ball mill (NM200, Retsch, Haan, Germany). Leaf N concentration was assayed using an elemental analyser (Elementar Vario MACRO cube, Germany). Leaf P and other elements concentration were measured by a molybdate/ascorbic acid method after HNO 3 -H 2 O 2 digestion with MARS and ICP-OES (MARS Xpress, CEM, American and ICP-OES 7300DV, PerkinElmer, American).
Data analysis
The climatic indices including mean annual precipitation (mm) and mean annual potential evapotranspiration (mm) were obtained from the world climate data information website (http://www.worldclim.org) with spatial resolution of 0.0083 (~1 km 2 in place near the equator) (Ma et al. 2010) .
Aridity here was defined as (1 − AI), where AI is the ratio of precipitation to potential evapotranspiration (DelgadoBaquerizo et al. 2013) . To facilitate the deployment of our data in comparison with data from non-desert plants (Vergutz et al. 2012) within the same plot, we used a special logarithmic scale (1 + log 0.01 AI) for the x-axis. This scale transformation will keep the positive/negative nature of the correlation between NuRE and aridity. Considering the leaf mass loss when leaf senesces, we recalculated the senesced-leaf nutrient concentrations via the mass loss correction factor (MLCF) to compensate for the underestimation of NuRE. In this study, NuRE were corrected with the following Equations:
where Nu green and Nu senesced ' are nutrient concentrations in green and senesced leaves corrected with MLCF, respectively. MLCF here is a global average value (0.784) for deciduous plants (Vergutz et al. 2012) . We presented the geometric means of leaf nutrients in both green and senesced leaves because their frequency distributions were highly skewed . We also calculated arithmetic means of leaf nutrients, as well as NuREs, for all the studied shrubs, for comparison with some previous studies that showed only arithmetic means.
We used linear mixed-effects model (function 'lme') when analyzing how aridity affected nutrient resorption with 'lme4' package (Bates et al. 2015) , with sites and species identity set as random effects. Mixed-effects regression model allows for the examination of how multiple variables predict an outcome beyond what a simple multiple regression model can handle. For instance, adding some participants as random effects in a lme model allows investigators to resolve the issue of independence among repeated measures by controlling for individual variation among participants (Koerner and Zhang 2017) . For the global data including non-desert plants (Vergutz et al. 2012) , piecewise linear regressions were conducted within arid (1 − AI >0.80), semi-arid and semihumid (0.35< 1 − AI <0.80) and humid (1 − AI <0.35) regions (Middleton and Thomas 1997) , respectively, in that the aridity data for NRE were more variable than for other NuREs whose samples were totally (KRE, CaRE and MgRE) or mainly (PRE) from humid regions. All statistical analyses were performed using R package 3.2.5 software.
RESULTS
Stoichiometry and NuRE of the 10 nutrients
The geometric mean concentrations of the 10 nutrients in green leaves varied greatly across the desert shrubs (Table1), (Table 1) .
The CV of nine mineral elements (N, P, K, Mg, Cu, Mn, Ca, Zn and Fe) in green leaves was significantly negatively correlated with both the index of their physiological requirement (Marschner 2012) (P < 0.01, r = 0.84) (Fig. 2a) and the mean concentration of the elements in green leaves (P < 0.01, r = 0.70) (Fig. 2b) .
Six nutrients (N, P, K, Mg, Cu and Mn) were resorbed during leaf senescence, while the other four nutrients tended to be accumulated in senesced leaves (Table 1) . Mean NuRE increased in the following rank order: Mn resorption efficiency (MnRE, 7.89%), Mg resorption efficiency (MgRE, 12.7%), K resorption efficiency (KRE, 38.6%), Cu resorption efficiency (CuRE, 41.0%), N resorption efficiency (NRE, 47.8%), P resorption efficiency (PRE, 52.0%). The magnitude of nutrient accumulation during leaf senesced was the highest for Fe (FeRE = -89.6%) and the lowest for Ca (CaRE = -3.87%) ( Table 1) .
Effect of drought stress on NuRE
NuREs with mainly positive values (N, P, K and Cu) were negatively related to aridity. While CuRE was non-significantly correlated with aridity (P > 0.05; n = 78). NRE, PRE and KRE showed significantly negative correlations with aridity (r = 0.39, 0.34 and 0.35, respectively; all P < 0.005; n = 78) (Fig. 3) , suggesting that aridity has negative effect on NuRE of these four nutrients. Consistent with the negative trends of NuRE in relation to aridity, the four nutrients in senesced leaves showed positive correlations with aridity (online supplementary Fig. S1 ), supporting the hypothesis that droughtinduced leaves to senesce prematurely and thus left more of these nutrients in leaf litter. In contrast, with at least onethird observations (Mg 31%, Mn 32%, Ca 50%, Zn 51%, Al 78% and Fe 87%) of resorption efficiencies being negative, the other six elements showed generally increasing resorptive tendency with aridity, except for Zn, although most of the correlations were non-significant (r = 0.32 and 0.38, respectively, and both P < 0.005, for Ca and Zn; but P > 0.05 for Mg/ Mn/Al/Fe; all n = 78) (Fig. 3) .
DISCUSSION
The mean concentrations of the five elements (P, Fe, Mn, Cu and Ca) in the green leaves of the desert shrubs were lower than those respective values of the shrubs reported for nondesert ecosystems (Han et al. 2011; Liu et al. 2014; Tang et al. 2013 ). The relatively lower nutrient concentrations may stem from the salt-interfered barren soil in the deserts of Xinjiang (Zhao et al. 2013) . The green-leaf N (19.3 mg g −1 ) of the desert shrubs, however, was similar to that reported on the shrubs in China (national average 19.1 mg g −1 ) . The negative relations between CV of mineral elements in green leaves and the indices of their physiological requirements and the mean concentrations were consistent with the stability of limiting elements hypothesis (Han et al. 2011) : nutrients usually required a high concentration in leaves and considered frequently limiting in environment show a small variation in their concentration and lower sensitivity to the environmental factors (online supplementary Table S2 ).
In our study, NRE and PRE (47.8% and 52%, respectively) were lower than previously reported values in China and at the global scale (Aerts 1996; Du et al. 2016; Han et al. 2013; Tang et al. 2013; Vergutz et al. 2012) . For desert shrubs grown in saline-alkali and water-deficient soil, their nutrient resorption should be weakened by both drought (Bertiller et al. 2005; Wright and Westoby 2003) and soil salinity (Drenovsky et al. 2010; Killingbeck 1996) . Moreover, due to the special foliar forms of desert plants, such as H. ammodendron and Ephedra distachya with only assimilating shoots, it was difficult to correct the leaf mass loss during senescence. Therefore, the average value of MLCF adopted from Vergutz et al. (2012) may cause uncertainties to accurately evaluate NuRE.
In addition to N and P, other elements (K, Mg, Cu and Mn) were also resorbed during leaf senescence. KRE (38.6%) and MgRE (12.7%) were lower than the values at global scale (70.1% and 28.6%, respectively) (Vergutz et al. 2012 ) and in karst area in China (63.2% and 13.2%, respectively) (Liu et al. 2014) . In contrast to the global average (CaRE, 10.9%) (Vergutz et al. 2012) , Ca however showed accumulation in senesced leaves in this study, presumably because Ca was usually conserved in leaves as a structural element in plants (van Heerwaarden et al. 2003) and its high availability in alkaline soil of the desert sites (Marschner 2012) . Actually, plants in karst area accumulate even more Ca in leaf litters (CaRE = −44%; Liu et al. 2014) . Mn also had a positive resorption efficiency (7.9%), which was in contrast with previous results reported by Liu et al. (2014) and Du et al. (2016) (−72.5% and −15 .9%, Figure 3 : relationships between aridity and NuRE in plant leaves. The black dots are our data of the nine desert shrubs in Xinjiang, and the grey ones are data of plants from a meta-analysis at the global scale (Vergutz et al. 2012) . The fitted line was determined by linear mixed-effects model with sites and species identity treated as random effect. Solid lines denote significant relationships with P < 0.05, whereas the dashed lines indicate the insignificant relationships with P > 0.05. Aridity here was defined as (1 − AI), where AI is the ratio of precipitation to potential evapotranspiration (Delgado-Baquerizo et al. 2013) . The x value at the red vertical dashed line is 0.8 (i.e. AI = 0.2, the lower limit of an arid climate). Please refer to the MATERIAL AND METHODS section for more details. respectively). One potential explanation was that Mn content in the soils of our study area was lower than the average in China (387 vs. 710 mg kg −1 ) and the global lower limit (500 mg kg −1 ) (Li et al. 1986) , which may induce the Mn resorption from senesced leaves to maintain the structural function of Mn in the lamellar membrane system of chloroplasts (Ågren and Weih 2012) . NuREs of Al, Zn and Fe also showed accumulation in most senesced leaves, consistent with the previous study (Du et al. 2016; Liu et al. 2014) . Al or Fe toxicity commonly occurs in plants from acid soils, while alkaline soils are usually characterized by poor availability of Fe, Al and Zn (Lynch and St. Clair 2004) . However, there was no resorption of these three elements during leaf senescence in most of the plants in this study. One possible reason for their lack of resorption is the small requirement for Fe, Al and Zn by desert shrubs, which might have adapted to the low availabilities of both elements in arid alkaline soils.
As the major factor constraining nutrient uptake in desert environments, drought may also affect nutrient resorption (accumulation) process of mineral elements. Since the poor availability of many nutrients in the desert soils (Lynch and St. Clair 2004) and the difficulty of absorbing nutrient from the environments and transporting up to leaf (Hose et al. 2000; Parent et al. 2009 ), desert plants had been supposed to have high NuRE as an evolutionary adaptation for living in the dryland. However, it is interesting to note that aridity here showed significantly negative effect on resorption efficiencies of those elements with high mobility in plants, such as N, P and K (Fig. 3) . We guess that the alternative strategies for plants in a dry habitat may not necessarily be having high NuRE, given that plants can adapt to drought by slowing their growth and lowering requirement for the nutrients. For instance, in response to water and nutrient co-limitation conditions, xerophytes often keep a low tissue nutrient uptake (Drenovsky and Richards 2004) . Drought stress can actually influence the resorption process of these mobile elements through several possible mechanisms: earlier leaf senescence, low leaf water content, reduced phloem transport and decreased photosynthetic capacity. High ABA concentration in leaves of plants under drought stress is an inherent trait, playing an important role in dealing with water deficit via myriad processes (Harris et al. 1988; Tardieu et al. 2010; Tuberosa et al. 1998) , such as closing stomata, slowing down stomatal movements (Assmann 2003; Basu et al. 2016; Christmann et al. 2007) , controlling the synthesis of enzymes (Assmann 2003; Parent et al. 2009 ) and reducing hydraulic conductivity (Hose et al. 2000; Parent et al. 2009 ). Collectively, high ABA concentration weakens plant metabolism, which could induce earlier leaf senescence and then less nutrient retranslation from senesced leaves. Additionally, plants under drought stress may reduce leaf water potential and decrease the osmotic potential (Chaves et al. 2009; Good and Maclagan 1993; O'Toole J and Cruz 1980) , constraining leaf nutrient resorption processes. Plant phloem transport capacity (phloem stream) was also weakened by the reduced leaf photosynthetic capacity and then the supply of carbohydrates under drought conditions (Pugnaire and Chapin 1992) , further interrupting the nutrient resorption process. Similar to desert shrubs, herbaceous plants and trees (Khasanova et al. 2013; Marchin et al. 2010) were also reported to have negative relations between N and P resorption and drought stress given that drought is one of the major factors impeding nutrient uptake and resorption in terrestrial ecosystems. Similarly, drought may reduce the accumulation process in the shrub foliar for those elements with low mobility, such as Ca, which usually accumulated in leaves and displayed positive correlation with aridity (Table 1; Fig. 3) .
The effect of drought on nutrient resorption was further supported by another larger dataset at the global scale (Vergutz et al. 2012) (Fig. 3) , although the relationship between NuREs (NRE, PRE, KRE, MgRE and CaRE) and aridity was relatively weaker compared with those shown in our study (Fig. 3) . This may be attributed to the much severer aridity (i.e. aridity >0.8 or AI <0.2) in the deserts of Xinjiang, resulting in stronger drought effects on nutrient resorption. Although drought is one of the major environmental stress that terrestrial plants are frequently subjected to, the major limitation may shift from water to other resources such as sunlight or certain nutrients for plants living in humid regions compared with those in arid deserts (Lovelock et al. 2007) . Accordingly, the relationship between NuRE and aridity may change when transferring from arid to humid areas, which is perhaps what it looked like for the relation of NRE vs. aridity at the global scale (Fig. 3) .
CONCLUSION
This research provided a systematic analysis on the large variation and contrasting responses of the resorption of 10 elements to arid climate in typical desert shrubs of northern Xinjiang, China. The results showed that six nutrients (N, P, K, Mg, Cu and Mn) were resorbed averagely during leaf senescence, while the other four (Ca, Al, Zn and Fe) tended to accumulate in most senesced leaves. Drought stress generally decreased the resorption of the elements with high mobility in plants (especially N, P and K) but increased those (or decreased the accumulation) of the less-mobile ones, such as Ca, in the shrub foliar. This effect may be attributed to myriad physiological responses in plants that control nutrient resorption process upon exposure to drought stress. Our findings can help broaden the understanding of multi-elemental resorption patterns of desert plants and better model how various plant nutrients would differentially respond to drought conditions and the resultant stoichiometric decoupling in desert ecosystems under the background of global change.
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